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BACKGROUND
In Danish MV distribution networks overhead lines are gradually being replaced by underground cables, normally without changing the type of earthing. It should, however, be considered which treatment of the neutral point is the most suitable with regard to personnel safety, supply reliability and equipment safety. The treatment of the neutral will have influence on the total zero sequence impedance, i.e. also on the earth fault current in case of a SLG.
Through the history of distribution and later transmission of electric power, many different earthing techniques were invented through experience, experiments and theory. First of all for equipment protection and later also for personnel safety as the chief purpose.
From the analysis of unbalanced fault conditions, i.e. SLG, it has been seen that the connection of the transformer and generator neutrals greatly has influence on the SLG fault current and voltage. The consequences of a SLG fault on electric power transmission and distribution systems are therefore very different and only dependent of the neutral earthing method.
Today three main types of neutral earthing methods have survived in Europe [1] , which dependent on the distribution or transmission voltage level are possible to implement. In distribution systems all three neutral earthing methods are possible. They are briefly described in the following and the major advantages/disadvantages are listed in Figure 1: Isolated neutral. With the isolated neutral method of a working-ground will not be present except in the case of voltage transformers and other signaling equipment. Also the neutrals of transformers and generators are not intentionally connected to earth, which because of the growing extent of underground cables replacing OH, will result in a highly capacitive SLG fault current.
Resonant earthing. Resonant earthing is done by tuning an inductance connected to the neutrals in such a way that the capacitive SLG fault current component is compensated to a small residual resistive and inductive current. This neutral earthing method of distribution networks is also called Petersen-Coil protected/compensated networks. The inductance or several inductances (also called ground fault neutralizer, arc-suppression coil) can be connected to the transformer or generator neutral anywhere and at different locations in the distribution network.
Low-impedance earthing. Low-impedance earthing is a method where all the neutral of transformers are earthed directly (direct earthing) or at sufficient many places (at least one) so that the line to ground voltage rise during an SLG fault will not exceed 80% of the line-to-line voltage (effectively earthed). For SLG not only the neutral earthing methods play an essential role, also the earth return path impedance, i.e. the earth resistivity and frequency dependency, has influence on the SLG fault current, especially for harmonics. [3] . The load at LAS is mainly heavy fishing industry, and the harmonic voltage content is shown in Figure 2 . The worst case was measured on phase L1, which is shown in Figure 2 . Figure 3 shows the 5 th and 7 th harmonic content during the week from 10-16 June. During morning and daytime the mainly heavy fishing industry actually improves the power quality, while in the evening the 5 th and 7 th harmonic content is highest and smallest during the night.
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These measurements form the basis of the following harmonic SLG fault current calculations.
NETWORK PARAMETERS
UC system
The 10kV distribution network in LAS consists of pure UC systems in six radial feeders. The UC system is a mixed network put together of three-phase and single-phase cables. The zero sequence impedances and admittances can as a function of the harmonic frequencies (earth resistivity ρ E = 100Ωm) be seen in Figure 4 -6 and the cable types in Table 1 . FIGURE 5: Phase-angle of zero sequence impedance for cables listed in Table 1 .
FIGURE 6: Zero sequence admittance for cables listed in Table 1 .
The neutral earthing method of the LAS network is resonant earthing with a Petersen-Coil (R=5Ω, S N =363kVar, I N =63A) connected to the neutral of the YNyn0 60/10kV transformer.
For calculation simplicity the positive and negative sequence impedances and admittances, and the 60/10kV transformer impedances are neglected [2] . A change of ρ E only affects the zero sequence impedance, but due to shielded cables with both ends earthed only with less than approximately 1%. 
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OH system
Assuming that the 10kV network in LAS only consists of OH with the configuration as shown in Figure 7 and the same total length as for the UC system (see Table 1 ), the zero sequence impedances and admittances have been recalculated and are shown as a function of harmonic frequencies in Figure 8 -10.
FIGURE 7: Configuration of OH.
FIGURE 8: Absolute value of zero sequence impedance for OH.
FIGURE 9: Phase-angle of zero sequence impedance for OH.
FIGURE 10: Zero sequence admittance for OH.
The neutral earthing method of the LAS 10kV network is also resonant earthing, but with a fictitious Petersen-Coil (R=5Ω, L=40H) connected to the neutral of the YNyn0 60/10kV transformer.
For calculation simplicity, the positive and negative sequence impedances and admittances, and the 60/10kV transformer impedances are also here neglected [2] . A change of ρ E only changes the zero sequence impedance by approximately 10%.
HARMONIC SLG FAULT CURRENTS
With the harmonic voltage content at LAS from Figure 2 and the UC/OH impedance and admittance parameters from Figure 4 -6 and Figure 8 -10, respectively, SLG have been calculated with special reference to the harmonic SLG fault current.
The harmonic SLG fault current for the UC and OH systems at LAS have been calculated and compared both with isolated neutral and resonant earthing.
Common for both neutral earthing methods is the SLG fault current calculation for the zero sequence current I 0 (neglecting the positive and negative impedance) from where it can be seen that Y 0 is the total capacitance to earth.
Isolated neutral
With isolated neutral the total zero sequence impedance Z 0 for the UC and OH system as a function of the harmonic frequencies (earth resistivity ρ E = 100Ωm) will be as shown in Figure 11 .
In Figure 11 , the zero sequence impedance caused by the relatively large capacitance for the UC system is neglected:
but it is taken into account when calculating the total zero sequence impedance for the OH system:
FIGURE 11: Total zero sequence impedance for UC and OH system with isolated neutral (ϕUC=-90°, ϕOH=-86°→-90°).
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Resonant earthed
With resonant earthing, the total zero sequence impedance Z 0 for the UC and OH system as a function of the harmonic frequencies (earth resistivity ρ E = 100Ωm) will be as shown in Figure 12 .
FIGURE 12: Total zero sequence impedance for UC and OH system with resonant earthing (ϕUC≈ϕOH≈0 at 50Hz else ϕUC=-90°, ϕOH=-86°→-90°). Figure 12 shows not surprisingly that the Petersen-Coil impedance Z PC , depending on the quality factor, almost only affects the impedance at fundamental frequency.
Fault currents
The harmonic SLG fault currents calculations in isolated neutral and resonant earthed networks has been calculated for both the UC and the OH system. The harmonic currents are obtained by applying the network the harmonic voltages shown in Figure 2 . Both the maximum measured values and the by EN50160 recommended values have been used. Figure  13 and 14 show the harmonic SLG fault current for the UC and OH network, respectively. It can be seen from Figure 13 and 14, that the resonant earthing tuned at fundamental frequency will not notably damp higher harmonics. Taking the square root of the square sum of all harmonics, as shown in Equation 4, gives the total SLG currents I 0 (se Table 2) FIGURE 14: Harmonic zero sequence current I0 for OH system calculated with information from Figure 2 , 11 and 12. 
CONCLUSIONS
The philosophy of resonant earthing of UC systems with three phase cables can raise the question; What is the gain of using resonant earthing in UC systems, what are the advantages if the UC system only consists of three phase cables?
The results presented in this paper illustrate that when there is a high content of harmonics in the voltage (almost to the maximum recommended), the compensating effect of the arcsuppression coil very limited, cf. Table 2 . Only with a low content of harmonics, resonant earthing has the desired effect.
It should however be mentioned that all the SLG calculations were performed without any fault impedance, and that a fault impedance will of course reduce the SLG fault current.
